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1 1. INTRODUCTION
The intermetallic compound MnSi crystallizes in a
cubic (B20 type) lattice without a center of inversion.
It is commonly accepted that the magnetic properties
of MnSi predominantly have an itinerant (band) char
acter. The absence of a center of inversion permits
Dzyaloshinskii–Moriyatype interaction in this sys
tem (in addition to the usual exchange), which in turn
leads to the formation of a longperiod helical mag
netic structure (at T < TN = 28.8 K) with the orienta
tion of helix axes determined by the weaker anisotro
pic exchange interaction (see, e.g., [1]).
A specific feature of MnSi is the existence of an
intermediate region adjacent to the magnetic phase
transition from higher temperatures. In this region,
the heat capacity, magnetic susceptibility, temperature
coefficient of electric resistance, etc., exhibit anoma
lous behavior (see, e.g., [2]). The nature of this behav
ior in the properties of MnSi is still not completely
clear.
2. EXPERIMENTAL TECHNIQUES
Systematic measurements of the M(H) static mag
netization curves of MnSi single crystals have been
performed in a range of temperatures T = 5.5–35 K
and magnetic field strengths up to H = 11 kOe for
H | | [1 1 1], [0 0 1], and [1 1 0]. Special attention has
1 The article is based on a preliminary report delivered at the 36th
Conference on LowTemperature Physics (St. Petersburg,
July 2–6, 2012).
been devoted to temperature interval near TN =
28.8 K, where peaks in the heat capacity, temperature
coefficient of thermal expansion, and magnetic sus
ceptibility have been observed in some earlier investi
gations. The experiments were performed with MnSi
single crystals grown by the Bridgman technique.
The magnetization was measured using a vibrating
sample magnetometer (Lake Shore Cryotronix Inc.)
for the three orientations of the external magnetic field
indicated above. The transverse configuration of the
magnetic field in the installation and the possibility of
rotating the axis of sample suspension allowed the
magnetization to be measured for all three orienta
tions of the field for one sample setting in the holder.
The sample had a cubic shape with an edge length of
about 3 mm and faces oriented perpendicular to the
[1 1 0], [1  0], and [0 0 1] directions. Highprecision
M(H) measurements allowed the differential magnetic
susceptibility dM(H)/dH to be reliably determined by
numerical differentiation and, in turn, some new fea
tures in the magnetic behavior of MnSi to be revealed
in various temperature intervals and magnetic fields.
3. RESULTS AND DISCUSSION
In the temperature interval of 5.5 K ≤ T < 27.0 K,
the M(H) dependence is close to linear in fields up to
H ≈ 4–6 kOe. Figure 1 presents examples of magneti
zation M(H) and the corresponding derivative
dM(H)/dH curves of MnSi determined for H | | [1 1 1]
in three temperature intervals. A further increase in
1
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the magnetic field led to the appearance of a rather
sharp bending on the M(H) curves. This behavior of
the magnetization curves at T < TN is well known and
attributed to the transition of the sample into a field
induced ferromagnetic state at sufficiently high fields
(see, e.g., [3]).
Our investigation has revealed an additional feature
on both M(H) and dM(H)/dH curves of MnSi, which
was observed at temperatures within 5.5 K ≤ T <
28.8 K for various field orientations with H values in
the range from 80 Oe to 1.3 kOe (see the results of
magnetization measurements at T = 5.5 K in Fig. 1
and the phase diagrams for three H orientations plot
ted in Figs. 2–4 based on the results of our measure
ments). It should be noted that anomalies in the prop
erties of MnSi in this range of fields have also been
observed previously, when this compound was studied
by other methods (e.g., using ultrasound absorption,
neutron scattering, and ac magnetic susceptibility
measurements).
Our investigation showed that the position of this
specific feature significantly depends on both the
direction of applied magnetic field and temperature
(see Figs. 2–4). Note that this anomaly for H | | [1 1 0]
falls in between its positions for H | | [1 1 1] and
H | | [0 0 1]. In addition, we have observed a significant
irreversibility for the variation of M(H) in the region of
this anomaly for H | | [1 1 1] (see the dM(H)/dH curve
for T = 5.5 K in Fig. 1). This irreversibility for M(H) at
H | | [1 1 1] is retained for temperatures of up to T =
27.4 K. At the same time, in the vicinity of the phase
transition (27.6 K ≤ T ≤ 28.8 K), the M(H) curve
becomes practically reversible (this region is indicated
by open square symbols in Fig. 2).
The M(H) curves for the two other field directions
are almost reversible for all temperatures. The corre
sponding positions of anomalies on the M(H) curves
near H ≈ 1 kOe are plotted with open circles in Figs. 3
and 4. Some irreversibility that is still present in both
M(H) and dM(H)/dH for these field directions can be
characterized by the width of the “hysteresis” loop
observed during the sequential increase and decrease
in the field strength. This hysteresis width does not
exceed 200 Oe. It is also important that, as the field
decreases to zero, the dM(H)/dH value is almost com
pletely restored at the initial level (in contrast to the
case of H | | [1 1 1]). For H | | [1 1 0], the peak on the
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Fig. 1. Typical plots of magnetization M and differential
magnetic susceptibility dM(H)/dH vs. magnetic field H for
MnSi at H || [1 1 1] and T = 5.5, 29.0, and 33.0 K. The
arrows near the dM(H)/dH curve for T = 5.5 K indicate the
direction of field variation; curves connecting M(H) points
are drawn for better illustration.
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Fig. 2. Magnetic phase diagram of MnSi for H || [1 1 1].
Open squares connected by dashed line H*(T) in the inter
val of 28.8 K ≤ T ≤ 31.0 K correspond to the positions of
specific features on dM(H)/dH curves at various tempera
tures. The arrows at T = 33.0 and 35.0 K indicate the tem
peratures at which no anomalies have been found on the
dM(H)/dH curves at fields down to the minimum studied.
Open symbols in the range of 27.6 K ≤ T ≤ 28.8 K corre
spond to the positions of an anomaly related to the reori
entation of magnetic domains and almost reversible behav
ior of magnetization during variation of the applied field.
Black symbols show the positions of anomalies on irrevers
ible M(H) curves.
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Fig. 3. Magnetic phase diagram of MnSi for H || [0 0 1].
Notation is the same as in Fig. 2.
dM(H)/dH curve measured near TN exhibited splitting
into two components. The field dependence of the
additional component is plotted by open triangles in
Fig. 4. This behavior can be related to instability of the
helical structure for the given direction of H, at least in
the vicinity of TN.
Interpretation of the aforementioned feature in the
behavior of MnSi is worthy of special consideration.
We think that Maleev et al. gave an adequate descrip
tion of this anomaly in 2006 [4, 5]. Both theoretical
analysis [4] and experimental investigation by polar
ized neutron diffraction [5] showed that this feature is
related to reorientation of magnetic domains and the
formation of a singledomain magnetic structure at a
certain value of the applied magnetic field. In this
case, a conical distortion of the helical structure in a
field parallel to the helix axis takes place in an arbi
trarily small finite magnetic field [4].
Nevertheless, in a number of earlier and recent
publications (see, e.g., [2, 6–17]), the feature under
consideration has been attributed not only to the
reorientation of magnetic domains, but also to a tran
sition from the helical to conical magnetic structure.
We think that this treatment is incorrect.
The proposed interpretation originates from the
first magnetic phase diagram of MnSi plotted by
Kusaka et al. [6]. Although the Hr(T) line correspond
ing to the anomaly under consideration was not
depicted in the phase diagram presented in [6], the
proposed interpretation was explicitly used in the text.
The magnetic phase diagram of MnSi was somewhat
modified in subsequent publications of that group, but
the interpretation remained essentially the same (see,
e.g., [7]). Later, another group of researchers (see,
e.g., [8]) also pointed out that this anomaly is related
to the reorientation of magnetic domains, while the
conical phase was assumed to form in magnetic fields
above the reorientation threshold.
The “second wave” of investigations that used the
aforementioned incorrect interpretation of this anom
aly was initiated by Thessieu et al. [9]. In the proposed
magnetic phase diagram [9], the Hr(T) line was explic
itly drawn and interpreted as the boundary between
the helical and conical phases. It should be noted that
the undistorted helical behavior in the fields below
Hr(T) was only described in [9] as hypothetical. How
ever, in subsequent publications, some researchers
from the same group (see, e.g., [10–14]) replaced the
assumption made in [9] concerning the absence of dis
tortions of helices in the fields below Hr(T) with a rig
orous statement of the same without any justification,
which they used to describe the obtained results. This
interpretation has also been accepted by some other
authors (see, e.g., [15–17]) and used up to now,
despite the existence of a correct description [4, 5] of
the physics of the anomalous behavior of MnSi.
What is wrong with this interpretation rather widely
used in the literature [6–17]? In fact, this interpreta
tion clearly contradicts the wellknown linear field
dependence of MnSi magnetization observed starting
with the smallest H values (see, e.g., early data [18] on
MnSi magnetization). If the helical structure were
retained in small fields without conical distortions, the
sample magnetization would be zero (or very close to
this at finite temperatures) up to the field of conical
structure formation—an obvious discrepancy with
experiment. In particular, the M(H) curves obtained in
our experiments are close to linear starting with the
smallest fields—at least with 20 Oe, which is signifi
cantly lower than the threshold field of domains reori
entation. This behavior was observed in the entire
temperature range studied for all three directions of
the applied field, in agreement with early data [18] and
all other works on the MnSi magnetization. Thus, the
aforementioned alternative interpretation is incorrect
and the magnetic phase diagrams of MnSi proposed
on this basis are inaccurate.
The physical picture of the observed phenomenon
can be characterized based on results [4, 5] as follows.
An undistorted helical structure is only manifested in
a zero field, whereas any finite field directed along the
helix axis leads to inclination of the magnetic
moments toward the field and the formation of a con
ical (oblique helical) structure, which in turn results in
the appearance of finite magnetization in the field
direction. It should be taken into account that four
types of magnetic domains exist in a zero field in
which the axes of helicoids are directed along the four
spatial diagonals of a cube. For example, if H | | [1 1 1],
then the field projections both parallel and perpendic
ular to the helix axes will exist for domains of three
types with other orientations. For an arbitrary H direc
tion, situations are possible where the field will be per
pendicular to helix axes of the domains of some (no
more than two) types. For domains of other types,
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Fig. 4. Magnetic phase diagram of MnSi for H || [1 1 0].
Notation is the same as in Fig. 2.
nonzero field projections on their axes will always exist
and lead to conical distortions of the corresponding
helices. The case of a field perpendicular to the helix
axis has been also considered [4]; it has been shown
that a magnetization component along the field must
appear and the helices also exhibit distortions, albeit of
a nonconical type.
Thus, in the general case, as field H increases from
zero up to a domain reorientation threshold, the mag
netic structure of MnSi has a multidomain character
and the domains of no less than two types possess
conetype distortions. Above the domain reorienta
tion field Hr(T), which substantially depends on the
orientation of H, a singledomain conical structure is
formed with the helix axis directed toward the field. If
a rather strong field has been preliminarily used to
transform the sample to a singledomain state and H is
then decreased to values below Hr(T), then our results
for dM(H)/dH at H | | [1 1 1] and T = 5.5 K (Fig. 1)
show that the sample remains in a metastable mon
odomain state until the field vanishes. For other H
directions, a decrease in H below Hr(T) leads to tran
sition of the sample to a multidomain state.
In the temperature interval of 27.2 K ≤ T < TN =
28.8 K (i.e., in the immediate vicinity of TN), the
M(H) curves exhibit another two clearly pronounced
anomalies (not depicted in Fig. 1). These features can
be assigned, in agreement with earlier investigations,
to the formation of the socalled A phase near TN, the
boundaries of which in the phase diagram significantly
depend on the field direction (see Figs. 2–4).
According to some works (see, e.g., [19]), a charac
teristic feature of the A phase is that its helix axis is per
pendicular to H. In recent publications (see, e.g.,
[10]), the results of neutron scattering measurements
for the A phase have been interpreted as evidence of
the formation of a more complicated magnetic struc
ture (skyrmion lattice). The possibility of skyrmion
formation in MnSi (not only in the A phase) and cer
tain other compounds have been actively discussed in
recent years. In particular, the formation of a sponta
neous skyrmion phase in MnSi near TN was originally
pointed out in [20]. Data on the polarized neutron
scattering [21] have been interpreted as indicative of
the appearance of a spontaneous skyrmion state at T >
TN. On the other hand, it has been suggested [22] that
all results on neutron scattering in MnSi, which were
treated as evidence for the existence of skyrmions, can
be successfully explained without recourse to the skyr
mion model.
At temperatures slightly above the transition (TN <
T ≤ 31 K), we have found that, in particular, the M(H)
curves exhibit additional features, which are clearly
manifested on the field dependences of the differential
magnetic susceptibility dM(H)/dH (see the anomaly at
H* on the corresponding curve for T = 29.0 K in
Fig. 1). At the same time, the M(H) and dM(H)/dH
curves obtained at T > 33 K did not exhibit these fea
tures and could be treated as typically paramagnetic.
The plots of the characteristic field H* of this feature
as a function of the temperature in the interval TN <
T ≤ 31 K appear as a natural extrapolation of the tem
perature dependences of the field of the transition to
the induced ferromagnetic phase at T < TN (see
Figs. 2–4). Note also that, for T > TN, the magnetic
behavior of MnSi is isotropic, which is characteristic
of a paramagnetic state. Thus, the phase existing at
TN < T ≤ 31 K can be called (following, e.g., [22])
intermediate, since it occurs between the magnetically
ordered phase and the region of typical paramag
netic behavior. In this intermediate state, MnSi
exhibits both properties typical of a paramagnetic
state (magnetic isotropy) and those not inherent in
this state that resemble the behavior of a magneti
cally ordered phase (magnetization anomaly at
H*(T)). As the temperature increases, the magneti
zation feature observed in the intermediate state
gradually disappears; that is, a crossover is observed
between the intermediate phase and a phase featur
ing the typical paramagnetic behavior.
It should be noted that, at T > TN = 28.8 K, the
traces of features related to the A phase become almost
unobservable and can only be recognized in a very nar
row (no more than 0.2 K wide) temperature interval
above TN (see the dM(H)/dH curve for T = 29.0 K in
Fig. 1). According to the model proposed in [20],
which was the first to interpret the behavior of MnSi
with the aid of skyrmions, the region of skyrmion for
mation must be approximately symmetric relative to
TN (see [20] and Appendix therein). Strictly speaking,
model [20] refers to the state in a zero field; an attempt
to construct a skyrmion model for the A phase of MnSi
was made in [10]. The results of our investigation show
that, even if the A phase exists at T > TN, this temper
ature interval is very narrow—much narrower than the
region of existence of the A phase at T < TN (see
Figs. 2–4). Taking into account that, at TN < T ≤ 31 K,
the H*(T) curve appears as a natural extrapolation of
the field of transition to the induced ferromagnetic
phase observed at T < TN, it can be concluded that the
genesis of the magnetic properties of MnSi in the
intermediate region (28.8 = TN < T ≤ 31 K) is related
to the region with the conical magnetic phase (for
which skyrmion formation was not considered in the
literature) rather than to the A phase. The data on neu
tron scattering [22] evidence that rather unusual heli
cal fluctuations take place in the intermediate region;
based on these results, it was suggested [22] to subdi
vide the intermediate region into two parts character
ized by isotropic and anisotropic (near TN) helical
fluctuations. Then, we can naturally suggest that the
features observed in the intermediate temperature
interval in our investigation correspond to a “collapse”
of the fluctuating parts of helicoids in the field H*(T)
by analogy with the collapse of a static conical struc
ture during fieldinduced transition to the ferromag
netic phase. It is nontrivial that static magnetization
measurements allow this collapse to be traced in the
intermediate region also.
At T ≥ 33 K, the MnSi crystal exhibited a typical
paramagnetic behavior, showing neither specific fea
tures on the M(H) and dM(H)/dH curves nor any evi
dence of anisotropy.
4. CONCLUSIONS
Based on the obtained static magnetization data for
MnSi, we have plotted magnetic phase diagrams of
MnSi for H || [1 1 1], [0 0 1], and [1 1 0] and compared
them to the diagrams obtained earlier by other meth
ods. The entire temperature range studied can be sub
divided into three regions with decreasing T (see
Figs. 2–4):
Region I (T ≥ 31.5 K), in which MnSi shows a typ
ical paramagnetic behavior.
Region II (28.8 K = TN ≤ T < 31.5 K). In this inter
mediate region, MnSi exhibits both the properties typ
ical of a paramagnetic phase and features characteris
tic of a magnetically ordered phase.
Region III (T < TN = 28.8 K). This is the region of
a magnetically ordered state (containing a region of
the A phase with a complex magnetic structure, the
nature of which is still not completely clear).
In regions I and II, the magnetization is isotropic,
while region III shows a magnetic anisotropy for both
the A phase boundaries and features related to the
reorientation of magnetic domains. At the same time,
in accordance with earlier investigations, the position
of the line corresponding to transition to a field
induced ferromagnetic state is practically anisotropic.
In region II, the magnetization curves display char
acteristic features represented by H*(T) lines in the
magnetic phase diagrams. These H*(T) lines are a nat
ural extrapolation of the temperature dependence of
the field of transition from the conical to the induced
ferromagnetic phase observed at T < TN. It has been
concluded that the MnSi properties in the indicated
intermediate region are related to and governed by
those of the conical phase (rather than of the A phase).
In region III, the features observed for small fields
are related to the reorientation of magnetic domains
and gradual formation of a singledomain magnetic
structure in the increasing field. The magnetization
curves observed for H || [1 1 1] at 5.5 K ≤ T ≤ 27.6 K are
irreversible. After transition of the sample into a sin
gledomain magnetic state, the subsequent decrease in
field leaves the sample in a metastable singledomain
state up to H = 0. At the same time, the M(H) curves
measured for two other directions of the applied field
are almost reversible; that is, as the field decreases
below the reorientation threshold, the singledomain
structure is not retained and the sample passes to a
multidomain state.
After we had prepared the manuscript, we learned
that Bauer and Pfeiderer [23] reported on investiga
tion of the magnetic properties of MnSi. The experi
mental results obtained in [23] are generally close to
our data. However, the authors of [23] still think (as in
their previous publications [9–11]) that the transition
from a helical to conical magnetic phase structure in
MnSi takes place only when a certain field (Bc1) is
attained, which evidently contradicts their own data
on the M(B) dependence in weak fields.
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